Fiber reinforced polymers are being extensively used for external strengthening of masonry structures. However, durability of this strengthening technique under environmental conditions is still under investigation. Previous studies indicate that moisture plays an important role in the durability of bond between FRP and substrate. Moisture can cause degradation in the bond behavior and also in the mechanical properties of the constituent materials. This paper presents and discusses the results of an experimental investigation on the effects of moisture on the bond behavior in FRP-strengthened masonry bricks. The degradation in the bond performance has been investigated by performing pull-off and pull-out tests on the conditioned specimens. The 
Introduction
External strengthening of masonry structures with Fiber Reinforced Polymers (FRPs) has become popular in the last years. The efficacy and reliability of this strengthening technique depends intrinsically on the bond between the composite material and the masonry substrate.
Although previous studies have shown the advantages of using FRP composites in strengthening structures, their long-term performance and durability are still unknown. Since the bond between FRP and substrate is a key mechanism in this strengthening technique, investigating its long-term behavior and durability is crucial for the performance prediction of the strengthened structure during its service life [1] [2] .
The most common environmental factors, which a structure is exposed to during its service life, are moisture and temperature variation, and alkaline and acidic environments. Since most of the environmental factors and deterioration processes are dependent on or coupled with moisture, a full understanding of moisture effects on deterioration of bond is a key step in durability modeling of FRP-strengthened masonry elements [3] . The effect of moisture on the durability of bond in FRP-strengthened concrete elements has been studied extensively, e.g. [3] [4] [5] [6] . However, the available literature for FRP-strengthened masonry elements is still rare, e.g. [7] [8] [9] . Therefore, performing comprehensive experimental and numerical studies is mandatory for understanding the moisture induced degradation mechanisms in FRP-strengthened masonry.
The available results show that moisture exposure plays an important role in durability of bond in FRP applications, as it reduces the bond strength and fracture energy [3, 7, 10] . The failure mode often changes from cohesive to adhesive, and the force-displacement diagrams of the bond behavior show a non-linear trend at a lower applied force. These observations are usually attributed to extensive moisture plasticization of the polymer adhesive and additional breakage of interfacial bonds [6] . The moisture at the bond interface decreases the free surface energy and adhesion strength [11] . Moreover, it can produce vapor and osmotic pressure in the interface resulting in local debonding [11] . On the other hand, moisture absorption may affect the mechanical properties of epoxy resin, which has a direct effect on the adhesion and bond behavior. As discussed above, the information about the bond degradation is mostly obtained from investigations performed on FRP-strengthened concrete elements. However, the degrading effect of moisture on the bond behavior varies with material properties, surface treatments, and specimens configurations [7] . The significant mechanical and chemical difference between clay bricks and concrete may lead to different bond degradation mechanisms, which need further studies. The wide variety of FRP composites and epoxy resins used in structural applications complicates this issue. Therefore, performing an extensive experimental investigation on brick elements strengthened with FRP composites, which are conventionally used for strengthening masonry structures, is required for providing baseline experimental results and also for understanding the moisture degradation mechanisms in FRP-strengthened bricks. This paper is devoted to investigating the effect of water on the bond behavior in FRPstrengthened masonry elements. Hand-made clay bricks, with low compressive strength, were used as representative of old bricks [12] . The clay bricks were strengthened with unidirectional glass fibers and immersed in water for 24 weeks after complete curing. The glass fibers were applied to the masonry brick surface with an epoxy resin following the wet lay-up procedure.
The bond degradation due to moisture exposure is investigated by performing pull-off and pullout (single-lap shear bond) tests after different periods of water immersion. The changes in the bond behavior are investigated in terms of bond strength, bond stiffness, fracture energy and failure mode. It is noted that the change in mechanical properties of material constituents with water immersion is also investigated.
Experimental program
The experimental study addresses an investigation on the changes in the bond behavior of FRPstrengthened masonry bricks due to saturation (water immersion). The material characterization tests, specimens' preparation, moisture conditioning and post-ageing test methods are presented in this section.
Materials characterization
Mechanical tests have been performed on brick, epoxy resin, primer and GFRP coupon specimens to investigate the effect of moisture on the properties of material constituents, see Table 1Table 1. It can be seen that the brick presents rather high CoVs (about 20%), as it is hand-made and traditionally fired. The GFRP coupons exhibit also high CoVs (about 15%) due the manufacture process, whereas the epoxy resin and primer exhibit lower CoVs (about 10%).
Masonry brick
The mechanical properties of masonry bricks are obtained according to standards EN 772-1 (2002) [13] and UNI EN 8942-3 (1986) [14] in terms of compressive strength, fcb, tensile strength, ftb, and elastic modulus, Eb. The compressive strength is obtained by performing compressive tests on 40 mm brick cubes, in the flatwise direction. The elastic modulus of bricks is determined by performing compressive tests on 120x40x40 mm brick specimens, in the lengthwise direction. It is expected that only moderate anisotropy is present [12] . Three point bending tests are performed on 160x40x40 mm brick specimens to obtain the horizontal flexural tensile strength.
Epoxy resin and primer
Mechanical properties of the epoxy resin and primer are determined by performing the tests on dog-bone shape specimens, see Fig. 1Fig . 1(c). Although seven days are proposed for curing of the epoxy resin in the technical datasheet provided by the manufacturer, the specimens were cured for 60 days at room temperature. Previous studies have shown that curing times much longer than the period proposed by the suppliers are necessary for complete curing of cold-cured epoxy resins [15] [16] . Cross-linking reactions are still in progress before complete curing of the epoxy resin, meaning that the material is not in a stable condition and with its maximum mechanical properties. In order to accurately investigate the effect of water on the properties of epoxy resin, it is necessary to separate the water degrading effects and epoxy resin cross-linking reactions.
The specimens' preparation and tensile tests were conducted following ISO 527-1 (2012) [17] .
The tests were carried out with an Instron testing machine at a displacement rate of 0.01 mm/min. Deformation of the specimens was monitored by a clip gauge placed on the middle of the specimens. The glass transition temperature (Tg) of the epoxy resin was obtained by means of the differential scanning calorimetry (DSC) method. The thermal scans were carried out between 5°C and 200°C with a heating rate of 10°C/min. The Tg was calculated as the mean value of 4 tests.
GFRP composite
Regarding the composite materials, the specimens' preparation and tensile tests were conducted according to ISO 527-1 (2012) [17] . The mechanical properties are obtained in terms of tensile strength, ftf, and elastic modulus, Ef. The GFRP coupons were prepared following the wet lay-up procedure according to the code specifications, Fig. 1Fig . 1(d). Throughout this study, the changes in tensile strength and elastic modulus of GFRP coupons are normalized to the specimens' thickness in accordance with ASTM D7565-10 [18] . As in wet lay-up procedures the specimens' thickness varies, normalizing the mechanical properties to thickness can provide an accurate baseline for comparison purposes [19] .
Water absorption
Water absorption tests have been performed on constituent materials based on the gravimetric sorption method according to ASTM D 570-98 (2010) [20] . The specimens were immersed in deionized water at 23C after initial drying. Five specimens were then taken from the water periodically, wiped and weighed to measure the absorbed water with time. The difference between the initial weight and the weight after conditioning represents the moisture mass uptake.
This procedure is repeated until having water absorption lower than 1% of the dry weight in three sequential measurements. According to the Fick's second law, the moisture absorption behavior can be modeled with the following differential equation:
This equation provides the moisture concentration, C, at a distance x from the contact surface as a function of time t and moisture diffusion, D. An approximate solution of this equation is:
where, M is the moisture content at time t, M∞ is the equilibrium moisture content at saturation point, and h is the specimen's thickness.
The moisture uptake behavior is presented in Fig. 2Fig . 2. The brick specimens have absorbed 10% mass of moisture upon saturation while epoxy resin and GFRP coupons absorbed 1.6% and 3.7%, respectively. The brick absorbed water is corresponding to 17% open porosity, which is reasonably high, even if higher values are normal in hand-made bricks [12] . Open porosity is defined as the voids volume in which the water can penetrate due to immersion and can be calculated as follows:
where, f is the open porosity, Ws is the saturated weight, Wd is the dry weight, V is the volume of the specimen, and ρw is the water density.
The moisture diffusion coefficient of epoxy resin and GFRP coupon have been determined by plotting the ratio
against the square root of time, see Eq. (2). The calculated diffusion coefficients for epoxy resin and GFRP coupons immersed in deionized water are 8.85×10 -8 mm 2 /sec and 2.1×10 -7 mm 2 /sec, respectively, in line with [21] [22] . The equilibrium moisture content and moisture diffusion coefficient of the composite specimens are higher than of the epoxy resin. This difference is due to the imperfect interfaces that are in contact with water in the composite specimens [15] .
Water absorption rate and the amount of absorbed water upon saturation in epoxy resins depend on different parameters such as formulation, curing conditions, environment temperature and humidity [15] . A wide range of equilibrium water content and moisture diffusion coefficients can be found in the literature. In [5, 22] a water content range from 0.42 to 1.88% was observed at saturation, with a moisture diffusion coefficient of 1.19×10 -9 mm 2 /sec. In [15] , a water content range from 4.7 to 8.7 % was observed, with a moisture diffusion coefficient about 10 -10 mm 2 /sec.
Specimens' preparation
The GFRP sheets were applied to the brick surface following the wet lay-up procedure. The masonry bricks were dried in the oven before application of the GFRP sheets. After cleaning the brick surface, a two-part epoxy primer (MapeWrap Primer 1) was applied to the brick surface for preparation of the substrate surface before GFRP application. Finally, a two-part epoxy resin (MapeWrap 31) was used as matrix for the composite material and for adhesion to the masonry substrate.
For the pull-off tests, the specimens were prepared by application of GFRP sheets over a 180x80 mm 2 area of the brick surface as shown in Fig. 3Fig. 3(a) . For the pull-out tests, GFRP sheets of 50 mm width were applied on the brick surface. The bonded length of the strips was equal to 150 mm with a 40 mm unbonded part at the loaded end, see Fig. 3Fig . 3(b).
Moisture conditioning
The selected exposure is intended to investigate the influence of moisture on the bond behavior in FRP-strengthened masonry components. The test specimens were immersed in deionized water at a temperature of 23C in a water tub for duration of 24 weeks. The water tub was placed in a temperature controlled environment.
Post-ageing test methods
Post-ageing tests were performed after each 4 weeks of immersion, both for mechanical characterization of materials and bond behavior. Changes in mechanical properties of materials were investigated by performing compressive tests on brick samples and tensile tests on epoxy resin and GFRP coupon specimens. Bond assessment tests consisted of conventional pull-off and pull-out tests. Five specimens were tested in each immersion period and the average results are presented next.
Pull-off tests
Pull-off tests are usually performed for evaluating the bond performance as an in-situ test method even if the results obtained represent the local adhesion strength between composite material and the substrate, and are not representative of the global bond behavior.
The pull-off tests are performed following the ASTM D4541-09 [23] . A 50 mm diameter partial core was drilled on the test zone with an approximate depth of 5 mm, see Fig. 4Fig . 4. Then, aluminum disks are glued over the GFRP surface with a high strength adhesive. The tests were carried out using a portable Proceq DYNA Z15 instrument. A constant rate of about 20 kPa/s was applied so that failure occurred within one minute. Six tests were performed for each exposure period.
Single-lap shear bond test
Single-lap shear bond tests were performed on the conditioned specimens to assess the changes in the shear bond behavior of the specimens. The tests were performed using a closed-loop servo-controlled testing machine with maximum load capacity of 50 kN. A rigid supporting steel frame was used to support the specimens appropriately and avoid misalignments in load application. The specimens were placed on the steel frame and firmly clamped to it as shown in 
Results and discussion

Material properties
The changes in compressive strength of brick with immersion time are shown in Fig. 6Fig . 6.
Significant reduction of compressive strength can be observed, up to 25% after 24 weeks of immersion. This reduction of the compressive strength can be due to the chemical reactions of water with brick components (dissolving effect of water) or due to insufficient firing temperature [24] . Insufficient firing temperature in clay bricks can lead to a low degree of vitrification and a high moisture expansion coefficient [25] . The degree of vitrification is defined as the amount of glass formed in the brick during firing. The water can react with the remaining clay inside the brick resulting in micro-cracking, expansion and, consequently, strength degradation.
The changes in the mechanical properties of epoxy resin, namely Young's modulus and tensile strength, are presented in Fig. 7Fig. 7 . A strong reduction of mechanical properties is observed upon immersion time. The Young's modulus and tensile strength are decreased 40% and 25% after 24 weeks of immersion, corresponding to 1.2% of water absorption. It seems that the elastic modulus has reached a constant value after 12 weeks of immersion. However, the tensile strength decreases continuously during the 24 weeks of exposure. The degradation of epoxy resins due to water absorption varies with the type of epoxy resin, e.g. [4, 6, 15, 26] . Tuakta and Büyüköztürk [4] reported 7% reduction of elastic modulus and 22% reduction of tensile strength in epoxy resin for 1.2% mass water absorption. In another study, Sciolti et al. [15] reported 32% reduction of tensile strength and 45% reduction of elastic modulus after 24 weeks of water immersion corresponding to 4% mass water absoprtion. The observed reduction in mechanical properties is due to the plasticization and possibly hydrolysis of epoxy resin [10, [27] [28] . The absorbed water acts as a plasticizer, which usually reduces the Tg and mechanical properties. The decrease in the Tg reflects the degree of plasticization and occurrence of the water/resin interactions [16] , but this reduction can be partially regained upon drying [29] . For long exposure periods, the possibility of resin degradation increases because hydrolytic reactions or chain scission may also occur, and these can strongly affect the resin performance [16] .
The changes in mechanical properties of GFRP coupons due to water immersion are presented in Severe deterioration of mechanical properties of GFRP (50% reduction in tensile strength) has also been reported in [30] . Mechanical properties of fiber reinforced polymers are usually fiber dominated. Since fibers are protected with epoxy resin no degradation is expected due to water attack. However, the formation of voids and non-uniformities in the specimens prepared following the wet lay-up procedure increases the vulnerability of the composite material to moisture uptake [26] . The observed degradation in mechanical properties of GFRP coupons can be attributed to the degrading effect of water in the epoxy and epoxy/fiber interface. Moreover, the water can attack fibers which results in corrosion and fiber/epoxy bond degradation [28] .
On the other hand, the resin layers between fibers may not be polymerized completely at earlier times. Polymerization and curing take place over an extended period of time and can be accelerated due to moisture uptake resulting in an initial increase of the composite material's performance [15] . This post-curing behavior can offset the degrading effect of water attack.
Since the specimens were cured for two months before moisture conditioning, it is assumed that the polymerization has fully occurred. Therefore, the results present solely the strength degradation due to water immersion.
Pull-off tests
The changes in the pull-off bond strength of the specimens are presented in Fig. 9Fig . 9 for all the tested specimens. The mean values are obtained from the average of six tests. Some scatter is found which is common in this type of test [31] . A large and progressive reduction of bond strength can be observed in the specimens with time. The pull-off bond strength has been reduced 56% after 24 weeks of immersion. However, the failure mode remained cohesive in all immersion periods with reduction of the thickness of the detached brick layer. The thickness of the detached brick layer, being thick initially, was reduced until reaching the primer impregnated layer of the brick. The results obtained from the pull-off tests depend on the local condition of the specimens and they cannot be directly used to evaluate the bond behavior, as stated before.
Single-lap shear bond test
Typical load-slip curves obtained from experimental tests for different immersion times are shown in Fig. 10Fig. 10 . It can be observed that the bond stiffness and strength are degraded in time. Moreover, a relatively less brittle behavior can be observed in the immersed specimens, when compared to the reference specimens. The load-slip behavior of the specimens after 24 weeks of immersion exhibits 1.4 mm of slip at the deboning point. In comparison, debonding has been occurred at 0.6 mm slip in the reference specimens. An opposite behavior was reported in [7] for CFRP-strengthened calcernite stones, where a more brittle bond behavior was found in the specimens after water immersion.
A comparison between the slip values captured by the LVDTs at the loaded end and middle of the bonded length, see Fig. 11Fig . 11, shows that the slip at the middle is negligible in the reference specimens. In the specimens with 12 weeks of immersion, the slip at the middle is negligible initially, but it increases after the peak bond strength until complete debonding. In the specimens with 24 weeks of immersion, the slip at the middle starts to increase before reaching the maximum bond strength and it continues until complete debonding. This phenomenon, being the result of stiffness reduction in the GFRP and epoxy resin, shows an increase of effective bond length in the specimens with time due to water immersion. The effective bond length is defined as the minimum length along which the strains and stresses are transferred to the substrate. Changes in effective bond length due to water immersion, even if not considered in current design procedures, can cause unsatisfactory failure modes in the strengthened specimens.
However, more precise instrumentation such as strain gauges or digital image correlation techniques is necessary for accurate measurement of the changes in the effective bond length.
The changes in the debonding strength and stiffness with immersion time are presented in Fig.   12Fig . 12. The results shown provide the average of five tested specimens for each immersion period. The bond strength decreased slightly in the first 12 weeks of immersion (about 16%).
The rate of degradation increased after 12 weeks of immersion reaching 35% reduction of bond strength after 20 weeks of exposure. It seems that the degradation is less dependent on time after 20 weeks of immersion and the bond strength might have reached a residual value. However, performing water immersion tests for longer periods is necessary for obtaining a clear insight into the degradation pattern upon time. A similar residual bond strength has been reported in [7] after 8 weeks of immersion for CFRP strengthened calcernite stones. Water at the bond interface replaces the brick/adhesive contact resulting in a weaker boundary layer. The free surface energy at the water/epoxy interface and brick/epoxy interface is much lower than the one at the brick/epoxy. Therefore, the presence of water at the interface decreases the free surface energy of adhesion, resulting in lower fracture energy and bond strength degradation values [6] .
The bond stiffness, defined as the initial slope of the bond-slip curves, has decreased significantly in the first eight weeks (about 60%). Afterwards, the rate of degradation in the bond stiffness decreased, reaching 80% reduction in the end of the experimental program. This reduction in the bond stiffness can be attributed to the stiffness reduction in epoxy resin, GFRP, and FRP/brick bond. In comparison, the stiffness was observed to remain unaffected with immersion time in CFRP-strengthened calcernite stones [7] and concrete specimens strengthened with CFRP laminates [3, 11] . In general, it seems that degradation diminishes with time for bond strength and stiffness. This phenomenon, being an evidence of reaching a thermodynamic balance, has also been reported in [3] [4] .
A drawback of strength-based approaches in investigating the environmental effects on the bond behavior, as done in Fig. 12Fig . 12, is that the results depend on the geometrical characteristics of the specimens. Considering the debonding as a local failure that involves crack propagation, fracture mechanics approaches seem to be more appropriate [4] . In fracture-based approaches, the degradation parameter is usually the fracture energy or the critical energy release rate. For generalizing the results presented, the changes in the fracture energy due to moisture ingress is determined according to CNR DT200 [32] , as:
where, max P is the debonding strength, f b is the FRP width, f E is the FRP elastic modulus, and f t is the FRP thickness. Fig. 13Fig. 13 shows that in the first 12 weeks of exposure there is no degradation in the interfacial fracture energy. However, significant degradation occurs after 12 weeks and it continues until 20 weeks of immersion. It seems that after 20 weeks of immersion, the fracture energy has reached a residual value with 40% degradation comparing to its initial value. A similar degradation trend has also been reported in [3] . A cohesive failure mode was mainly observed in the specimens, see Fig. 14Fig . 14. However, the thickness of the detached layer decreased with time up to a thin layer equal to the primer impregnated thickness. Generally, the fracture surface has moved to the brick/primer interface with the increase of water content at the interface, as reported in [3, [6] [7] .
Conclusions
The results of an experimental investigation about the effect of water on the bond behavior in FRP-strengthened masonry bricks was presented, demonstrating that:
-water immersion resulted in a reduction of mechanical properties of material constituents.
Compressive strength of masonry bricks reduced 25% after 24 weeks of water immersion. A similar reduction was also observed in the tensile strength of epoxy resin. However, the reduction in tensile strength of GFRP fabric was 40% at the end of ageing, which is due to the reduction in the mechanical properties of epoxy resin and the degradation of epoxy/fiber interfaces. The elastic modulus of epoxy resin and GFRP fabric also decreased with time, about 40% after 24 weeks of water immersion.
-the pull-off strength of the specimens decreased significantly (about 60%) after 24 weeks of immersion. However, the results obtained from pull-off tests are not completely consistent with the shear bond tests, where a different degradation trend was observed. The failure mode remained cohesive in time but the fracture surface moved from the brick to the brick/primer interface.
-shear bond tests showed that the ductility of the bond behavior increases with immersion time in the tested specimens. The bond strength and stiffness were observed to decrease, while the debonding slip increased. It was observed that the degradation in the bond strength and stiffness diminishes with time and possibly a residual value is obtained after a certain immersion time.
However, performing water immersion tests for longer periods is necessary for having a clear idea about the degradation trend upon time. A similar degradation was also observed in interfacial fracture energy. The failure mode was cohesive in all the specimens, with the fracture surface inside the brick. However, the fracture surface moved towards the brick/primer interface with time. Tables  Table 1. Material properties. Fig. 1 
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